Abstract: The effects of an exposure to three mass-produced metal oxide nanoparticles-similar in size and specific surface area but different in redox activity and solubility-were studied in rat alveolar macrophages (MAC) and epithelial cells (AEC). We hypothesized that the cell response depends on the particle redox activity and solubility determining the amount of reactive oxygen species formation (ROS) and subsequent inflammatory response. MAC and AEC were exposed to different amounts of Mn3O4 (soluble, redox-active), CeO2 (insoluble, redox-active), and TiO2 (insoluble, redox-inert) up to 24 h. Viability and inflammatory response were monitored with and without coincubation of a free-radical scavenger (trolox). In MAC elevated ROS levels, decreased metabolic activity and attenuated inflammatory mediator secretion were observed in response to Mn3O4. Addition of trolox partially resolved these changes. In AEC, decreased metabolic activity and an attenuated inflammatory mediator secretion were found in response to CeO2 exposure without increased production of ROS, thus not sensitive to trolox administration. Interestingly, highly redox-active soluble particles did not provoke an inflammatory response. The data reveal that target and effector cells of the lung react in different ways to particle exposure making a prediction of the response depending on redox activity and intracellular solubility difficult. 
INTRODUCTION
Metal oxide nanoparticles are an important class of nanomaterial with an annual production rate reaching the megatons. Present and future opportunities include a wide range of applications in water purification and environmental technology (cerium dioxide) 1 , metal oxide particles as additives in consumer products (titanium dioxide) 2 , or in the manufacturing process of dry cell batteries 3 and as fungicides (manganese oxide) 4 . The widespread use comes along with the environmental burden and potentially dangerous human exposure.
3 Therefore, thorough evaluation and understanding of the potential risks that metal oxide nanoparticles might pose to human health is of utmost importance. As the main route of accidental exposure to humans occurs by inhalation the interaction of metal oxide nanoparticles with cells of the alveolar compartment is of high interest. While titanium and cerium oxides have a low toxicity profile manganese is an essential metal with a high toxicological concern. It is well known that exposure to metal particles such as metal fume with oxides as major component can cause acute respiratory symptoms in exposed workers.
However, pulmonary effects are usually mild and reversible in healthy people [5] [6] [7] .
Observational reports suggest an increased incidence of mortality from pneumonia among welders after exposure to metal fumes 8, 9 .
In the present study, the response of alveolar macrophages (MAC) and alveolar epithelial cells (AEC) as main effector and target cells of the respiratory compartment on exposure to three different, well-characterized metal oxide nanoparticles was evaluated: manganese oxide (Mn 3 O 4 ), a partially soluble metal oxide nanoparticle, as well as two insoluble ceramic nanomaterials -titanium dioxide (TiO 2 ), and cerium oxide (CeO 2 ). While TiO 2 particles are redox-inert, Mn 3 O 4 and CeO 2 particles are both redox-active. The particles are comparable regarding morphology, size, shape, and degree of agglomeration, but differ in redox activity and intracellular solubility 10 . The particle concentration in the experiments was set within the range of 1 to 6 µg per cm 2 cell surface (corresponds to 5 to 20 mg * kg -1 cell culture media), in analogy to previous published data with these particles 11 . The chosen amounts of particles may simulate an exposure scenario during particle synthesis 12 . We hypothesized that viability and response of MAC and AEC depend on the particles' redox activity and intracellular solubility determining the amount of oxidative stress and reactive oxygen species (ROS) formation in cells. We additionally assumed that due to particle-induced intracellular production of ROS an inflammatory reaction in these cells of the alveolar compartment is provoked, especially upon exposure to Mn 3 O 4 . As an important cytokine within the 4 orchestration of an inflammatory reaction -not only recruiting macrophages but also neutrophils -monocyte chemoattractant protein-1 (MCP-1) was assessed in the supernatants of MAC and AEC.
MATERIALS AND METHODS
Nanoparticle characterization and preparation. All experiments were performed using Mn 3 O 4 , CeO 2 and TiO 2 particles at a concentration of 20 mg kg -1 in the assay medium.
The phase composition of flame-spray prepared material was characterized by X-ray diffraction (XRD) patterns recorded on a PANalytical XPert PRO-MPD (CuKα radiation, X'Celerator linear detector system, step size of 0.033°, ambient conditions). BrunauerEmmett-Teller (BET) method was used for analysis of the specific surface area by measuring the nitrogen adsorption at 77 K on a Tristar (Micromeritics Instruments). Prior the analysis, samples were preheated at 150 °C with p < 0.1 mbar during 1 hour. The size and morphology of the prepared nanoparticles were characterized by transmission electron microscopy (TEM) on a Philips CM30 ST (LaB 6 cathode, operated at 300 kV, point resolution 4 Å). The composition of nanoparticle-containing medium solutions was characterized by inductively coupled plasma optical emission spectroscopy (ICP OES, Horiba Ultra 2). A detailed description of the nanoparticle preparation is given elsewhere 11 . More detailed information is enclosed in the supporting information.
Cells and culture conditions. The rat MAC cell line CRL-2192 and rat AEC cell line CCL-149 were purchased from American Type Culture Collection (Manassas, VA, USA) and cultured as described in 13 Figure S1) . Titanium remained also in the supernatants below detection limit (LOD = 2 ppb).
Generation of ROS in response to metal oxide exposure. Assuming that exposure to the three metal oxide nanoparticles induces different amounts of oxidative stress we measured ROS formation in MAC and AEC in relation to unexposed control cells. Overall, remarkably more ROS were formed in MAC compared to AEC. In both cell types a significant change over time was observed (both p-values <0.001, Figure 2A and 2B). Figure S2) . In AEC, however, NADPH oxidase-related metabolic activity was not influenced by Mn 3 O 4 particle exposure, but dose-dependently reduced after CeO 2 and Determined MCP-1 protein levels in supernatants were not in correlation (p=0.239) with the metal oxides potential to adsorb inflammatory mediators (Supplementary Figure S3) . We also measured other cytokines, such as CINC-1 protein expression in AEC and TNF-α secretion in MAC, but the levels in the supernatants were below the detection limit of the respective assays. Figure S4) . In accordance with the attenuated caspase-3 activity and the recovered NADPH oxidase-related metabolic activity, the secretion of inflammatory mediators was completely restored in Mn 3 O 4 -exposed MAC, when trolox was added to the culture medium (p<0.05, Figure 5D , Supplementary Figure S5) .
Mechanism of impaired NADPH

DISCUSSION
Accidental occupational exposure to metal fume can provoke a broad range of acute respiratory symptoms and systemic reactions such as metal fume fever 5-7, 22, 23 . In this study, we investigated the effect of three representative metal oxide nanoparticles on effector and target cells of the alveolar compartment, namely MAC and AEC. Exposure to redox-inert and insoluble material, such as TiO 2 , had only marginal effect on intracellular ROS levels, viability and inflammatory mediator expression in MAC and AEC. Mn 3 O 4 as partially intracellular soluble and redox-active material -provoked in MAC highly increased ROS levels, but suppressed production of inflammatory mediators at the same time. These findings were completely reversible by addition of a free radical scavenger. In AEC, only marginal ROS formation was observed in the presence of Mn 3 O 4 . In this cell-type, NADPH oxidaserelated metabolic activity and production of inflammatory mediators were particularly impaired by CeO 2 -interestingly in a ROS-independent way. The observation of a cell typespecific response to particle exposure is not surprising with regard to the given differences in anatomy and physiology of MAC and AEC (e.g. the amount of intracellular lysosomes). Our findings are in contrast to a previous publication describing a predictive paradigm for oxidative stress and pulmonary inflammation 24 . Though, these experiments were performed in other cell lines and under different cell culture conditions and can therefore not be compared. Some cell types might be more sensitive compared to others. This is illustrated in the work of Cronholm et al. 25 in which different results with regard to cytotoxicity have been found comparing the human lung cell lines A549 and BEAS-2B. Also Semisch et al. 26 found differences in the investigated cell types in response to exposure to the same nanoparticles (A549 and HeLa S3 cells). Numerous reasons such as interspecies differences, epigenetic changes (e.g. due to culturing the cells) or different amounts of intracellular antioxidants may account for different observations in cells after exposure to the same nanomaterial.
Dissolution and uptake of particles
With regard to the results from ICP-OES analysis, two mechanism can eliminate metal from the supernatants: nanoparticle agglomeration and subsequent sedimentation 27 Figure S1) . The observed concentration range suggests a significant contribution from dissolution (several mg kg -1 manganese were detected). However, agglomeration and sedimentation with subsequent sticking to cell culture dish surfaces is most probably responsible for the difference between analyzed manganese (sum of manganese found in the supernatant and cell lysate) and exposed manganese (amount put into the cell culture dish, 20 mg kg -1 ). In addition to measuring the exposed amount of particles (uptake), we also tried to estimate characteristics of agglomeration and their influence on the dose delivered to the cell using the computational approach described by Cohen et al. 28 to facilitate a comparison to existing methodologies (Supplementary Figure S6) .
In the cell lysate, the concentration of metals is a result of uptake of particles and dissolved metal (only in the case of manganese). Overall, significant amounts of metal were taken up in the cells (the cell volume is much smaller than the liquid volume in a typical in vitro experiment, hence, the intracellular metal concentrations are elevated). Also in cell lysates, accurate quantification of titania was impossible using the applied protocol. The measured uptake of ceria and manganese, though, confirm correct exposure, and stay in line with standard kinetics observed for oxide nanoparticle uptake into in vitro cultures 27 . The continued uptake of manganese in macrophages, though, is in line with this cell's role in particle clearance 29 . The slight decrease in manganese concentration observed after 24 hours may indicate partial detoxification of manganese, but needs further investigation in separate studies. The same applies for the time-dependent decrease of cerium in lysates of AEC, which has to be addressed in on-going investigations.
ROS-mediated decrease in viability of macrophages. Only marginal ROS formation in
MAC and AEC was found in response to CeO 2 and TiO 2 particle exposure which is in good accordance with the results of Xia et al. in BEAS-2B and RAW 264.7 cells 30 , as well as with in vivo findings in the bronchoalveolar lavage fluids of particle-exposed rats 31 . Exposure to inflammatory protein-1β, MIP-1β; MCP-1) in response to TiO 2 particle exposure is described in vitro (neutrophils, A549 cells) and in vivo 32, [34] [35] [36] . We therefore expected to measure a proinflammatory response -in accordance with the increased intracellular ROS levels. In contrast to others, we did not observe raised inflammatory mediator levels in AEC. In MAC an even decreased MCP-1 protein expression after exposure to Mn 3 O 4 particles was detected.
To elucidate whether the measured attenuation of inflammatory mediator expression is due to oxidative cell damage / intracellular stress by Mn 3 O 4 particles, we performed experiments 14 with a free radical scavenger. The Mn 3 O 4 -induced suppression of MCP-1 protein secretion in MAC could be completely reversed by addition of trolox to the culture medium, which confirmed that oxidative stress attenuated inflammatory mediator production. In AEC, a decreased expression of MCP-1 protein was observed in response to CeO 2 particle exposurethough independent from intracellular ROS levels. One may speculate the decreased inflammatory mediator production to be the result of intracellular stress triggered through mechanisms of initial nanoparticle detoxification (e.g. enclosing CeO 2 particles in vesicles) 20 .
Other studies, however, describe cytoprotective effects and attenuated inflammation in response to ceria nanostructures [37] [38] [39] [40] . In the present study, the molecular crosslink between particle-induced production of ROS and MCP-1 remains unknown. We demonstrated that the effects in MAC are trolox-sensitive, but only can speculate that ROS-induced modified activity of several protein kinases regulating inflammatory pathways might cause the measured changes in MCP-1 expression 41 . It has certainly to be mentioned that the influence of antioxidants already present in cells and epithelial lining fluid (gluthatione, ascrobate, uric acid) might play an important role in the modification of the inflammatory response 11 . In addition, MAC and AEC were observed under in vitro conditions using rat cell lines, which do not accurately mimic the conditions in a living organism. There are also other in vitro approaches using an air-liquid interface (with nebulization of the nanoparticles) which might simulate a more realistic particle exposure scenario 42 . Secretion of MCP-1 protein, but not of CINC-1 and TNF-α protein was in the detection range of the ELISAs which represents another limitation of the used experimental approaches. In conclusion, this study assessed the response of two cell-types of the respiratory compartment on exposure to three, well- 
